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Background. Sodium-potassium-adenosinetriphosphatase (Na,K-
ATPase) is the primary membrane enzyme responsible for the
reabsorption of sodium ions in the kidney. It is known that in the
nephron the major subunit isoforms of Na,K-ATPase are a1 and
b1. Previous reports on the presence of a2 and a3 isoforms in the
kidney were mixed and controversial.
Methods. Techniques of ultrathin cryosectioning and immuno-
electron microscopy were used to study the distribution of a
subunit isoforms (a1, a2, a3) and b subunit (b1 isoform) of
Na,K-ATPase in renal tubular cells. Western blot analysis was
used to show the presence of the a3 isoform in the extract of
kidney mitochondria.
Results. We were able to confirm the previous finding that the
a1 isoform and the b1 isoform were the preponderant isoforms of
the a and b subunits of Na,K-ATPase in the basolateral mem-
brane. In addition, we unexpectedly found the presence of the a3
isoform in the mitochondria of rat renal tubular cells. The a2 and
a3 isoforms were not observed in either the apical or basolateral
membrane.
Conclusions. Both immunoelectron microscopy and Western
blot analysis of the rat kidney mitochondria confirm the presence
of the a3 isoform of Na,K-ATPase in the rat kidney mitochondria.
The function of this enzyme in the mitochondria is not clear at this
time.
Sodium-potassium-adenosine triphospatase (Na,K-ATPase)
in the kidney is the primary enzyme responsible for the
reabsorption of sodium ions. It is an integral plasma
membrane glycoprotein located in the basolateral side of
the proximal, thick ascending limp of the loop of Henle,
distal tubule and the collecting duct. Structurally, this pump
protein consists of an a and a b subunit [1–3]. The a
subunit is the major component of the enzyme with a
molecular weight of 112 kD and carries all presently known
functional properties. Another smaller component of the
Na,K-ATPase is the b subunit which is a glycoprotein with
a molecular weight about 55 kD (35 kD of the peptide).
Much less is known about the exact function of the b
subunit. It has been proposed that the b subunit imparts
structural stability to the enzyme and is needed for the
functional maturation of the a subunit [4–6]. There are at
least three a isoforms that have been sequenced, a1, a2,
and a3, and three b isoforms, b1, b2, and b3.
It has long been recognized that the major subunit
isoforms of Na,K-ATPase in the nephron are a1 and b1 [1,
7–9]. The presence of a2 and a3 isoforms were controver-
sial. Over the years there have been reports on the presence
of several isoforms of the a subunit in the kidney. Urayama,
Shutt and Sweadner reported on a monoclonal antibody
(McB-X3) against the a3 isoform of Na,K-ATPase, which
recognizes the axolemma Na,K-ATPase but binds weakly
to the kidney Na,K-ATPase on immunoblots [10]. Another
monoclonal anti-a3 isoform antibody, IIE2, has also been
reported to inhibit the Na,K-ATPase activity in the crude
microsomes from the collecting duct of the pig kidney [11].
It was this group of investigators who seriously suggested
that there might be several isoforms of the Na,K-ATPase a
subunit present in the nephron. Determining the ouabain
sensitivity of Na,K-ATPase in the rat kidney, Fe´raille et al
showed that there was a subpopulation of the enzyme with
high sensitivity to ouabain and recognized by the antibody
against the a3 isoform [12]. Other immunologic studies also
show the presence of small amounts of the a2 and a3
isoforms in the rabbit and rat kidney [13, 14]. However,
direct immunologic measurement of distal tubular seg-
ments for the a2 and a3 isoforms turned up negative [15,
16]. Results from investigations to measure the mRNA of
isoforms of the a subunit are also conflicting. In situ
hybridization experiments using isoform specific cDNA
[17] and early PCR experiments on whole kidney RNA and
RNA from microdissected nephron segments [18] failed to
detect the presence of the a2 and a3 isoforms. At least one
in situ hybridization experiment shows the expression of a1,
a2 and a3 isoforms in segments of the rat kidney [19].
Using RT-PCR and RNA dot blot analysis, Clapp et al
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showed that the a1, a2 and a3 isoforms contribute to 70, 20
and 10% of the total a isoform mRNA in renal paren-
chyma, respectively [9]. More recently it was shown by
Lucking et al, also using the RT-PCR technique, that there
are small yet well defined pools of a3 and a2 isoform
mRNAs present in various nephron segments [20]. These
a3 and a2 isoform proteins do not immuno-coprecipitate
with the a1 isoform, indicating that the a1 isoform does not
form heterodimers with either the a3 or a2 isoform. It is
not known where these a3 and a2 isoforms are located,
neither are their functions known.
With this background, we felt that it is important to know
whether there is a differential distribution of the three
isoforms of the a subunit. With the availability of isoform
specific antibodies and the development of the ultrathin-
cryosectioning technique [21], which is less destructive to
antigenic sites, it is now possible to use the immunoelectron
microscopy to localize the various isoforms of the a subunit
in the nephron. Using this technique, we have been able to
confirm the preponderance of the a1 isoform in the
basolateral membrane of the tubular cells and the absence
or paucity of a2 and a3 in this membrane. In addition, we
have observed the presence of immunoreactive sites of the
a3 isoform in the mitochondria of the cortical tubular cells.
The presence of the a3 isoform of Na,K-ATPase in the
mitochondria has not been reported before. This paper
presents results of our investigation on the localization of
the a3 isoform of Na,K-ATPase in the cortical tubular cells
of the rat kidney.
METHODS
Preparation, rapid freezing and cryomicrotomy of kidney
tissue
To obtain kidney tissue, adult Sprague-Dawley rats were
first sacrificed with an overdose injection of sodium pento-
barbitol (.10 mg/100 g body wt, i.p.). The kidney was
removed immediately and the cortex was cut into small
pieces on ice. Samples were lightly fixed by immersing the
tissue blocks in a fixative containing 2% paraformaldehyde
and 0.2 M ethyl acetimidate in 0.1 M phosphate buffer (pH
7.4) for 30 minutes. Then phosphate buffered glutaralde-
hyde was added to a final concentration of 0.25%. Tissues
were continually fixed for another hour. After washing with
0.1 M phosphate buffer, samples were penetrated thor-
oughly with a cryoprotectant, a mixture of 25% PVP and
1.6 M sucrose [22] before rapid freezing.
Freezing was carried out by depositing a piece of tissue
on the top of a piece of wooden dowel (3 to 5 mm in length,
1.5 to 2.0 mm in diameter) and rapidly immersing the
specimen in a Teflon beaker containing liquid propane
which had been precooled to 2189°C with liquid nitrogen
[23]. Sections about 90 nm thick were cut using an ultra-
microtome with a cryochamber (Reichert Ultracut E41
with FC4D cryochamber) at 2120°C, picked up with a
platinum loop containing a drop of concentrated sucrose,
and put on formvar-coated nickel grids. Grids with sections
were placed on an agarose plate (face with sections down-
ward) on ice to allow the excess sucrose to diffuse.
Antisera and protein-A gold
Rabbit polyclonal antisera against the a1, a2 and a3
isoforms of the a subunit and the b1 isoform of the b
subunit of the rat Na,K-ATPase [24] were purchased from
UBI (Upstate Biotechnology). Protein-A gold of 10-nm
was purchased from Amersham. A monoclonal antibody
against the a3 isoform of Na,K-ATPase of rat brain (McB-
X3) was kindly provided by Dr. Kathleen Sweadner of
Massachusetts General Hospital.
Immunolabeling with protein-A gold
Cryosections collected on the argarose plate were
washed three times with PBS (phosphate buffer in saline)
and treated with 1% sodium borohydrate for 10 minutes.
To eliminate nonspecific binding of antibodies, the sections
were treated with a blocking buffer (10% new born calf
serum in PBS) before they were incubated with specific
antibodies against the subunit isoforms of Na,K-ATPase at
4°C overnight. Sections were washed with PBS, then incu-
bated with 10 nm protein-A gold (1:100 dilution) for one
hour at room temperature and washed with PBS again.
Postfixation was carried out with 2% glutaraldehyde and
1% osmium tetraoxide, and the sections were counter-
stained with 0.002% lead citrate and saturated uranyl
acetate. All antibodies and protein-A gold were diluted
with PBSG (0.5% BSA, 1% gelatin in PBS). Finally, the
sections were covered with 1.5% methyl cellulose and
examined under a transmission electron microscope (JEOL
100CX; JEOL, Tokyo, Japan). Control sections were pro-
cessed in parallel and included omission of antibody from
the labeling sequence, as well as substitution of the anti-
body with non-immune rabbit serum or an irrelevant
antibody.
Preparation of kidney mitochondria
To obtain mitochondria, both kidneys were quickly re-
moved after the rat was sacrificed with an intraperitoneal
injection of sodium pentobarbitol. The cortical tissue was
sliced, chopped and homogenized in cold 0.25 M sucrose,
containing 0.05 M Tris buffer (pH 7.4), using a glass
homogenizer with Teflon pestle. After three passes with the
Teflon pestle, the homogenates obtained were centrifuged
at 900 g for 10 minutes in a Sorvall (RC5) refrigerated
centrifuge to remove the red blood cells, nuclei and unbro-
ken cells. The supernatant solution was then centrifuged at
9500 g for 10 minutes to obtain the mitochondria pellet.
This pellet was washed in 0.25 M sucrose containing 0.05 M
Tris buffer and recentrifuged at 9500 g for 10 minutes. The
washed mitochondria were used for Western blot analysis.
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Preparation of brain microsomes
Rat brain cortical tissue was homogenized in 1.15%
potassium chloride using a glass homogenizer with a Teflon
pestle. The homogenate was centrifuged in a Sorvall refrig-
erated (4°C) centrifuge at 900 g for 10 minutes to remove
red blood cells, nuclei, broken cells and other large debris.
The supernatant fluid was centrifuged again at 9500 g for
10 minutes to remove mitochondria. The supernatant so-
lution from this was decanted into a clean centrifuge tube
and centrifuged at 105,000 g for 60 minutes in a refriger-
ated (4°C) Beckman preparative ultracentrifuge. The su-
pernatant fluid was decanted and the microsomal pellet was
resuspended in 1.15% potassium chloride containing 0.05 M
Tris buffer (pH 7.4).
Immunoblotting
Western blot analysis of rat renal cortical mitochondria
was processed according to the procedure described by
Sambrook, Fritsch and Maniatis[25]. Solubilized rat brain
cortical microsome rich in the a3 isoform of Na,K-ATPase
was run in parallel in the electrophoresis gel. Electrophore-
sis was carried out in 10% SDS polyacrylamide gel (about
40 mg protein/lane), and the separated proteins were
blotted to a nitrocellulose membrane. This blot was then
probed with a polyclonal antibody against the a3 isoform of
the rat Na,K-ATPase and a monoclonal antibody (McB-
X3) against the rat brain a3 isozyme of Na,K-ATPase. The
significant bands were visualized using horseradish peroxi-
dase (HRP) associated secondary antibodies and a che-
moluminescent agent (Super Signal CLHRP from Pierce
Laboratory).
RESULTS
Figure 1 and Figure 2 show the results of immunolabel-
ing of rat renal cortical tubular cells with polyclonal anti-
sera against the a1, a2 and a3 isoforms of the a subunit and
b1 of the b subunit of the rat Na,K-ATPase. Ultrathin
cryosections of the rat renal cortex were incubated with
each individual antiserum and labeled with protein-A gold
(10 nm). As expected, there were no labels of any of the
three a isoforms at the apical membrane of the tubular cell
(Fig. 1). A few labels of the a3 isoform appeared in the
basal area of the microvilli. The a1 isoform was found
along the basolateral membrane (Fig. 2A), and the a2 and
a3 isoforms were not seen at this location. These results
confirm the findings of others that the a1 isoform is the
major isoform of the a subunit of Na,K-ATPase in the
basolateral membrane of the renal tubules [1, 9]. These
results also indicate that the antisera against the three a
isoforms do not immuno-crossreact with the antigenic sites
of each other. The b1 subunit isoform was found exclusively
in the basolateral membrane of the renal tubule (Fig. 2D),
indicating that the b1 isoform is one of the major isoforms
of the b subunit in the kidney membrane, also consistent
with the previous findings [7, 8].
An unexpected observation was that many gold particles
marking the a3 isoform of Na,K-ATPase were seen inside
the mitochondria at both the apical and basolateral areas of
the renal tubular cells (Fig. 1C and Fig. 2C). Some gold
particles labeling the a3 isoform were seen outside of the
mitochondria, but it was not possible to tell whether they
were in the endoplasmic reticulum or other vesicles. Very
few a1 and a2 isoforms appeared near or on the outer
membrane of the mitochondria, and neither isoform
showed up in the interior of the mitochondria (Fig. 1 A, B).
Figure 3 shows a Western blot analysis of crude mitochon-
dria from the rat kidney cortex and of microsomes from the
rat brain cortex using the same polyclonal antiserum
against the a3 isoform shown in Figure 1 and Figure 2. It is
seen that the rat kidney mitochondria extract shows a
distinct band at the 95 kD region. The brain microsome
extract also shows a band in the same region. Figure 4
shows a similar analysis of rat kidney mitochondria and rat
brain microsome extract using a monoclonal antibody
against the a3 isoform of rat Na,K-ATPase (McB-X3,
provided by Dr. Kathleen Sweadner, Massachusetts Gen-
eral Hospital, Boston, MA, USA). Both the rat kidney
mitochondria and brain microsomes were positive in react-
ing with this antibody, and a band at the 95 kD region was
observed in both cases. Neural tissue such as the rat brain
is known to contain the a3 isoform of Na,K-ATPase [1].
These results confirm the immuno-cytochemical labeling
results that the a3 isoform of Na,K-ATPase is present
inside the mitochondria of the rat kidney.
DISCUSSION
Our present studies of the distribution of a isoforms of
Na,K-ATPase in renal tubular cells show that the a1
isoform appears in the basolateral membrane but not in the
brush border (Fig. 1A and Fig2A). The findings of the a3
isoform of Na,K-ATPase in the mitochondria and at the
basal area of the microvilli of the brush border are unex-
pected (Fig. 1C and Fig. 2C). It has been recognized that
the major isoform of the a subunit of Na,K-ATPase in the
kidney is the a1 isoform [1, 19]. We are able to confirm this
observation in this study. For a number of years, investiga-
tions using PCR techniques have demonstrated the pres-
ence of a3 and a2 isoforms in the kidney [9, 13]. However,
it is not known where these isoforms are located. It was
generally thought that these isoforms are co-localized with
the a1 isoform on the basolateral membrane of the renal
tubular cells. Because these isoforms are present in rela-
tively small amounts on the cell membrane, it was argued
that they probably do not play a major role in the transport
function of sodium ions. The presence of Na,K-ATPase at
the apical side of the renal tubule was also reported by Kyte
some twenty years ago [26]. In his study, immunoferritin
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molecules, used to label the antibody against the holoen-
zyme of Na,K-ATPase in ultrathin cryosections of the
proximal convoluted tubule from canine renal cortex, were
found at the lumenal surface of the renal tubule within the
brush border. It was thought that the enzyme was present in
the plasma membrane as well, although at a much lower
level. A purified brush border fraction from the rabbit
kidney was also shown to contain a significant amount of
Na,K-ATPase [26]. Urayama, Shutt and Sweadner reported
that a monoclonal antibody against the a3 isoform of
Na,K-ATPase, McB-X3, which recognizes Na,K-ATPase of
axolemma, binds weakly to the kidney Na,K-ATPase on
immunoblots [10]. We also found positive reactivity when
we used the same antibody (McB-X3) to label the crude
mitochondrial extract of the rat kidney (Fig. 4). Another
monoclonal antibody against the a3 isoform of Na,K-
ATPase, IIE2, has been reported to inhibit the Na,K-
ATPase activity in the crude microsomes from the collect-
ing duct of the pig kidney [11]. These observations and the
more recent investigations using RT-PCR all point to the
presence of a3 isoform in the kidney tissue. Thus, it is
imperative to find where this a3 isoform is located in the
kidney. The labeling of non-isoform specific antiholoen-
zyme g-globulin with immunoferritin does not allow for
differentiation of the type of isoform of Na,K-ATPase, or
determination of the exact intracellular location of the
label [26]. Using isoform specific antibodies and protein-A
gold immunostaining techniques combined with Western
blot analysis, we have been able to show that most of the a3
isoform sites are located in the mitochondria (Fig. 1C, Fig.
Fig. 1. Immunoelectron micrographs of the apical side of the rat renal tubule labeled with polyclonal antisera against the a1, a2 and a3 isoforms of
rat Na,K-ATPase and tagged with 10-nm protein-A gold. (A) Labeling (arrows) of the a1 isoform can hardly be seen in the microvilli (Mv) or cytoplasm,
but a few gold particles are found near the mitochondria (Mc). (B) Very few gold particles (arrows) are seen in any structures in the apical side of the
renal cell, when sections were treated with the anti a2 antiserum. (C) Many gold particles labeling the a3 isoform are present inside the mitochondria
(Mc; arrows) and a few of the gold particles show up in the basal area of the microvilli (arrowheads).
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2C, Fig. 3 and Fig. 4). It is obvious from Figure 2 that the
labels are in the interior of the mitochondria. The fact that
the a3 subunit isoform of Na,K-ATPase is present in such
an unexpected location may explain why it has not been
detected on the basolateral membrane of the renal tubular
cells.
This observation raises an important question. What is
the functional relevance of Na,K-ATPase in the mitochon-
dria? Renal tubular cells are very active transporting cells,
reabsorbing sodium ions from the tubular lumen. They
require very active mitochondria to generate ATP. It has
been shown by Harris et al that inhibition of the renal
tubular Na,K-ATPase by cardiac glycosides reduces the
spontaneous rate of respiration of the mitochondria by one
half [27]. From this it was estimated that one fourth to one
third of the mitochondrial respiration is directed toward
Fig. 2. Immunoelectron micrographs of the
basolateral side of the rat renal tubule
labeled with polyclonal antisera against the
a1, a2 and a3 isoforms of the rat Na,K-
ATPase and tagged with 10-nm protein-A
gold. (A) Section labeled with the antiserum
against the a1 isoform. Relatively heavy
labeling is shown along the basolateral
membrane (arrows). (B) There are very few
gold particles (arrows) either in mitochondria
(Mc) or on the basolateral membrane, and
none in the basement membrane (Bm), when
section was incubated with anti a2 antiserum.
(C) As in the apical side of the renal cell,
labeling of the a3 isoform is present inside
the mitochondria (Mc, arrows) instead of on
the plasma membrane. (D) The pattern and
intensity of labeling of the b1 isoform
(arrows) is similar to those of a1 isoform in
the basolateral membrane (arrows).
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supporting the Na,K-ATPase-mediated ion transport.
However, the majority of this ion transport occurs mainly in
the basolateral membrane, not in the mitochondria. In
addition, the major p-type ATPase in mitochondria is
H1-ATPase, not the Na,K-ATPase. Thus, the inhibition of
mitochondrial respiration by cardiac glycosides was some-
how achieved through an intermediate pathway, probably
through changes in ATP/ADP ratios. There is no evidence
that ATP synthesis is directly related to the K/Na gradient
[27]. It is known, however, that the Na/K pump activity
responds to intracellular sodium and extracellular potas-
sium concentrations, and the respiratory rate is dependent
on the ATP/ADP ratio [28], which in turn is related to the
activity of the Na,K-ATPase (or pump). Therefore, the
generation of ATP required for ion transport is undoubt-
edly linked to the sodium/potassium pump activity. The a3
isoform of Na,K-ATPase has different ouabain and sodium
sensitivities from those of the a1 isoform [29–31]. Is it
possible that the a3-containing Na,K-ATPase in the mito-
chondria has a role in the regulation of ATP generation?
At the present time, there is not enough experimental data
to answer this question. Recent studies by Juhaszova and
Blaustein [32] have shown that in neural tissue and in
muscle cells, the a3 and a2 isoforms are distributed in a
reticular pattern in the plasma membrane overlying the
endoplasmic reticulum (neural tissue-a3) or sarcoplasmic
reticulum (muscle-a2). The Na/Ca exchanger has a similar
distribution, prompting the suggestion that the highly
ouabain-sensitive a3 and a2 isoforms are linked to the
Ca/Na exchange in these cells. In the mitochondria, H1-
ATPase is the proton pump that drives calcium transport. It
is not clear, however, whether there is a functional link
between the a3 isoform of Na,K-ATPase and the H1-
ATPase or the Ca/Na exchanger. Certainly the possibility
that the antibody against the a3 isoform is labeling some
other proteins in the mitochondria cannot be excluded. The
fact that both the monoclonal and polyclonal antibodies
label the protein at around the 95 kD region supports the
presence of the a3 isoform of Na,K-ATPase in the kidney
mitochondria, but its role in the translocation of sodium
and potassium in the kidney is not clear. Any assignment of
its function in the mitochondria at this time would only be
speculative at best.
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